frequency hopping (FH) based ultra-wideband (UWB) communication system divides its available frequency spectrum into several sub-bands, which leads to inherent disparities between carrier frequencies of each sub-band. Since the propagation loss is proportional to the square of the transmission frequency, the propagation loss on the sub-band having the highest carrier frequency is much larger than that on the sub-band having the lowest carrier frequency, resulting in disparities between received signal powers on each sub-band, which in turn leads to a bit error rate (BER) degradation in the FH UWB system. In this paper we propose an adaptive receiver for FH based UWB communications, where the integration time is adaptively adjusted relative to the hopping carrier frequency, which reduces the disparity between the received signal energies on each sub-band. Such compensation for lower received powers on sub-bands having higher carrier frequency leads to an improvement on the total average BER of the entire FH UWB communication system. We analyze the performance of the proposed reception scheme in Nakagami fading channels, and it is shown that the performance gain provided by the proposed receiver is more significant as the Nakagami fading index m increases (i.e., better channel conditions).
I. Introduction
The last decade has witnessed a paradigm shift from narrowband wireless systems to broadband wireless systems. This trend continued with the recent emergence of the family of ultra-wideband (UWB) systems [1] . In particular, since the Federal Communications Commission (FCC) of the United States allocated 7500 MHz of spectrum for unlicensed use of UWB devices in the 3.1 to 10.6 GHz frequency band [2] , UWB has appeared as a solution for the low complexity, low cost, low power consumption, and high data rate wireless communications for devices within personal operating space.
Multi-band (MB) approach has been proposed for such short-range high data rate UWB communications [3] . The MB approach divides its available frequency spectrum into several sub-bands and transmits different symbols over different sub-bands. The MB method adopts the frequency hopping (FH), and uses time-frequency periodic hopping sequence to reduce the interference from other users by using different hopping sequences in different piconets [4] [5] .
In a FH based UWB communication system, where the total available frequency spectrum is divided into several sub-bands, the carrier frequency of the highest sub-band is much higher than that of the lowest sub-band. Since the path loss through the channel propagation is proportional to the square of the signal frequency, a signal transmitted over the sub-band having the highest carrier frequency undergoes more significant propagation loss than signal transmitted over the sub-band having the lowest carrier frequency [6] . Such disparities between the received signal power on each sub-band cause different bit error rate (BER) performance for different sub-bands. In fact, the signal transmitted over the highest sub-band (having the highest carrier frequency) has the worst BER performance, which dominantly degrades the total average BER of the entire FH UWB system.
In this paper we propose an adaptive reception scheme for the FH based UWB communications, where the integration time at the receiver is adaptively adjusted according to the sub-band index in order to compensate for larger signal attenuation on higher sub-band (having higher carrier frequency). With the proposed receiver, the integration time is increased for the received signals on higher sub-bands, while decreased for the received signals on lower sub-bands, leading to a reduced disparity between received signal energies, which in turn results in an improved total average BER of the entire FH UWB system.
In our work, we assume that binary phase-shift-keying (BPSK) modulation is employed at the transmitter. Since the orthogonal frequency division multiplexing (OFDM) approach is adopted in the IEEE 802.15.3a (TG3a), our results may not be applied in a straight line to current standard. However, our work can be exploited in the future UWB development and standardization activities in Europe and Japan. Nevertheless, due to lack of a reference model, we take on the TG3a system parameters to present our numerical results in the Sect. IV.
II. System Model
We consider a BPSK based FH UWB communication system. The transmitted signal can be expressed as
where P is the transmission power, ) (t d is the binary data signal, n is the sub-band index, N is the total number of sub-bands, T is the symbol duration, and n f and n θ are the hopping carrier frequency and phase for the n th sub-band, respectively. Since different symbol is assumed to be transmitted sequentially over different sub-band with a time delay , T the received signal at a receiver antenna is given by
where n L denotes the propagation loss on the n th sub-band, and n G is the channel power gain of the n th sub-band due to channel fading. ) (t w is the white Gaussian noise, τ is the channel-induced delay, and
The propagation loss n L on the n th sub-band is given by [6] ( ) 
where c is the propagation constant and d is the distance between the transmitter and the receiver. Fig. 1 presents a block diagram of the proposed receiver, composed of a mixer, an integrator, a timing controller, and a buffer. Based on the FH sequence, the sub-band index generator calculates a sub-band index n over which the signal is transmitted. The sub-band frequency generator generates a carrier frequency ) 2 exp( t f j n π based on the sub-band index n . The timing controller receives the sub-band index n from the sub-band index generator, and calculates an integration time n T for the received signal on the n th sub-band. Then, the integration time n T adjusted in the timing controller is inputted to the integrator. Based on the time n T , the integrator outputs the received signal every n T seconds to the buffer. We note that in the conventional receiver, the integration time is fixed for all sub-bands; that is,
III. Proposed Receiver and Performance Analysis
. However, in the proposed reception scheme, the integration time is adapted to the sub-band index n such that
This adjustment of the integration time results in an increased received signal energy on the higher sub-bands, while a decreased received signal energy on the lower sub-bands, which leads to a reduction of disparity between the received signal energies on each sub-band. Finally, the buffer stores the received signal, and it has a function for maintaining the output timing to the signal processing unit fixed at 1/T.
The bit energy at the output of the proposed receiver for the received signal on the n th sub-band can be given by
Then, the average BER, averaged over the channel fading, of the received signal on the n th sub-band, n p , can be written as [7] 
where
denotes the probability density function (pdf) of the channel fading on the n th sub-band. We assume that the channel fading is characterized by the Nakagami pdf. The Nakagami fading model fits experimental data from a variety of fading environments, including indoor multipath propagation [8] . The pdf of channel power gain for the Nakagami fading is given by [9] ( )
where m is the Nakagami fading index, and ) (m Γ is the Gamma function defined as
n Ω is the mean of channel power gain n G , which can be given by [7] [ ] ∫ = = Ω 
where rms τ is the root mean square (rms) value of the delay spread.
Thus, the total average BER of the FH based UWB communication system averaged over all sub-bands is given by
(11) indicates that the total average BER of the FH UWB system is dominantly degraded by the received signal on the higher sub-bands (having higher carrier frequency), since the propagation loss on higher sub-bands is much larger than that over lower sub-bands (having lower carrier frequency) in the FH UWB system.
IV. Proposed Receiver and Performance Analysis
In our numerical examples, in order to avoid the dependency of propagation loss on the distance between a transmitter and a receiver, we normalize the propagation loss (3) by the propagation loss at the center carrier frequency, defined as
, of the FH UWB system. That is, we use
for a normalized propagation loss. Furthermore, we adopt the TG3a system parameters as a reference for our numerical results. Fig. 2 . Integration time with the proposed receiver. Fig. 2 shows, in the time and frequency domain, the integration time of the proposed receiver in a FH UWB system, where the numbers of sub-bands N is equal to 7. The periodic FH sequence (i.e., sub-band index n ) of 0-3-6-2-5-1-4 is employed for our numerical example, which corresponds to the sub-band carrier frequency f 0 = 3.74, f 1 = 4.18, f 2 = 4.62, f 3 = 5.06, f 4 = 5.5, f 5 = 6.38, and f 6 = 6.8 GHz [5] . Also, with the proposed reception scheme whose integration time is adaptively adjusted to the sub-band index n , we realize three level integration time for the 7 sub-bands: i.e., the integration time is adjusted as , , 3
. This three level integration time makes it feasible to implement the proposed receiver easily using two system clocks, T / 1 and s / 1 Hz. In fact, more splitting of the integration time in the proposed scheme translates into more performance improvement; however, in general, the implemental complexity also increases with the number of the integration time level. Moreover, in our numerical results, we employ T = 3.79 nsec, rms τ = 14.28 nsec [5] . In Fig. 3 , we depict the total average BER (11) of the proposed reception scheme as a function of s (normalized by T) for different Nakagami fading factors. We can see that there exists an optimal value of s that minimizes the total average BER, indicating that the total average BER of the FH based UWB system is reduced by appropriately adjusting the integration time with respect to the sub-band index n. In our work, we use a Newton method [10] to find the optimal s that minimizes the total average BER of the proposed reception scheme.
In Fig. 4 , the average BER (6) for each sub-band and the total average BER (11) with the proposed receiver are compared to those with the conventional reception scheme, when the average SNR and the Nakagami fading index m are 20 dB and 4, respectively. The proposed receiver employs three levels of the integration time (i.e.,
) as mentioned above. We note that with the proposed scheme, the average BERs for the higher sub-bands (i.e., sub-band index of 4, 5, and 6) decrease, while the average BERs for the lower sub-bands (sub-band index of 0, 1, and 2) increase, when compared with the conventional receiver. It is shown that the total average BER of the FH MB UWB communication system is improved with the proposed reception scheme by adjusting the integration time according to the sub-band index. 5 depicts, as a function of Nakagami fading parameter m , the total average BER (11) versus average SNR. It shows that the performance gain provided by the proposed receiver is more significant for higher m (i.e., better channel conditions). This results from the fact that the BER disparity between sub-bands increases with m , since the effect of the channel fading on the average BER (6) is reduced with m , while the effect of the propagation loss on the average BER (6) of each sub-band becomes significant for higher m . In other words, the average BERs of the higher sub-bands (having higher carrier frequency) degrades the total average BER (11) of the FH UWB communication system dominantly for higher m . The power gain provided by the proposed scheme implies a power reduction at the transmitter, which translates to a prolongation of battery life at the transmitter. It is also expected that further splitting of the integration time level leads to a supplemental performance increase with the proposed scheme.
V. Conclusions
In this paper, an adaptive reception scheme for a BPSK based FH UWB communication system was proposed. The proposed receiver adaptively adjusts its integration time relative to the FH sub-band index and alleviates the disparity between the received signal energies of each sub-band. We analyzed the BER performance of the proposed scheme in Nakagami fading channels. Our results showed that the proposed scheme provides a power gain over the conventional method, and the performance gain increases with the fading index m . The numerical example in this paper was based on the 3-level integration time for 7 sub-bands. However, with more integration time splits more performance gains are attainable.
